Background Patient localization can improve workflow in outpatient settings, which might lead to lower costs. The existing wireless local area network (WLAN) architecture in many hospitals opens up the possibility of adopting real-time patient tracking systems for capturing and processing position data; once captured, these data can be linked with clinical patient data. Objective To analyze the effect of a WLAN-based realtime patient localization system for tracking outpatients in our level I trauma center. Methods Outpatients from April to August 2009 were included in the study, which was performed in two different stages. In phase I, patient tracking was performed with the real-time location system, but acquired data were not displayed to the personnel. In phase II tracking, the acquired data were automatically collected and displayed. Total treatment time was the primary outcome parameter. Statistical analysis was performed using multiple linear regression, with the significance level set at 0.05. Covariates included sex, age, type of encounter, prioritization, treatment team, number of residents, and radiographic imaging. Results/discussion 1045 patients were included in our study (540 in phase I and 505 in phase 2). An overall improvement of efficiency, as determined by a significantly decreased total treatment time (23.7%) from phase I to phase II, was noted. Additionally, significantly lower treatment times were noted for phase II patients even when other factors were considered (increased numbers of residents, the addition of imaging diagnostics, and comparison among various localization zones). Conclusions WLAN-based real-time patient localization systems can reduce process inefficiencies associated with manual patient identification and tracking.
ABSTRACT
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OBJECTIVE Background and significance
Real-time tracking systems using newer technologies, such as radiofrequency identification (RFID) or wireless local area networks (WLANs), are reported to provide more comprehensive patient identification (in comparison with traditional bar coding systems), accurate tracking and localization of capital equipment, and localization of patients within the hospital. 1 2 RFID allows the tracking of objects from distances without requiring 'line of sight'. 2 Several pilot projects examining RFID-based tracking systems have been described; however, these studies were mostly performed in non-medical systems. In retail, RFID systems have been found to help reduce theft and track shipment of inventory. 1 3 Other non-medical applications of this technology include animal tracking 4 and automated toll collection systems and library inventory control. 5 However, the use of real-time tracking systems in the medical field is sparsely described. 5 Some studies investigating its use in medicine have been performed. Davis et al 6 and Briggs et al, 7 examining RFID-tracked blood products, postulated that this technology might help to reduce the morbidity and mortality associated with transfusion reactions. Other studies have also examined the role of RFID in tracking pathology specimens, 4 the safe administration of inpatient medication, 8 improving safety and productivity in the perioperative environment, 9 developing anti-elopement and anti-abduction programs, 1 creating wireless electronic health record systems for mass casualty incidents, 10 obtaining outpatient clinical data for prehospital admissions, 11 and surveillance in a residential care setting. 12 Nevertheless, information about the feasibility of using mobile technologies for monitoring inpatient localization and clinical workflows is sparse. Moreover, no prospective studies have examined the effect that real-time location systems (RTLS) can have on waiting and treatment times for patients, and the impact it may have on clinical workflow efficiency. Therefore, the aim of this study was to analyze the treatment and waiting times for our patients using RTLS.
MATERIAL AND METHODS Technology Wireless local area network (WLAN)
The first wireless network, University of Hawaii's ALOHAnet, allowed wireless communication between the Hawaiian Islands. 2 13 Since then, standardizations of WLAN by the Institute of Electrical and Electronics Engineers and the development of wireless fidelity-(WiFi-) and WLAN-accessible mobile devices have increased and enhanced the usage of wireless communications. 2 14-16 Localization through WLAN systems Localization of a WLAN device can be performed by triangulation using radio signals transmitted or received by the terminal, 2 17 and is determined based on the angle and distance from which a device is detected by multiple terminals. 2 17 Real-time location system
Patient localization was performed using the Ekahau RTLS, the Ekahau Positioning Engine (Ekahau Inc, Helsinki, Finland), and the Ekahau T301-B WiFi badges (wireless client adaptors). 2 The initial setup for the localization software was performed using the Ekahau site survey. 2 The software interface used to process localization data was programmed by IBM Germany (IBM Corporation, New York, USA). The development of this system and the setup has been previously described. 2 The server was connected to an LCD monitor, which displayed the location of the patient, the overall waiting time, the waiting time in the current area, and their level of priority. This information was displayed in a 'dashboard' format. Using this program, the patients were ordered according to priority ( pediatric patients and those with associated employer's liability insurance were prioritized first), overall length of stay, and length of stay in specific zones.
2 Patients were localized in five different 'zones': the waiting area, treatment area (divided into front and back rooms), radiology department, and the floor between the waiting area and the radiology department. 2 
Trauma center, Medical School Hannover
The university hospital consists of 1200 scientists and medical staff, and the medical center treats more than 46 000 inpatients and 143 000 outpatients annually. The trauma department is designated as a level 1 trauma center with an international catchment area. The medical team consists of 40 medical doctors, who supervise three operating rooms, a medical helicopter, and an ambulance. In the outpatient department, 2976 patients were treated in 2010. 2 RTLS data were acquired during initial encounters, postoperative treatments (within 2 weeks after discharge as an inpatient) and clinical and radiological follow-up examinations (those visits more than 2 weeks after inpatient discharge). Patient treatment was performed by three specialized medical teams (mainly based on the anatomical region to be treated), each consisting of one senior physician, a resident team, and one nurse.
Data acquisition
The project was performed in different phases. In phase I, RTLS was used to track patients and the measured times were stored electronically by the RTLS; however, the data were not displayed to the medical personnel. In phase II, patients were similarly tracked; however, the data were automatically recorded and were now displayed in the 'dashboard' format. In phase I patient priority was ordered initially based on the time patients arrived at registration, and during the process manually by the nurse with a pile of patient records.
In contrast, in phase II, patients were automatically ordered on the RTLS dashboard by priority, overall treatment time, and treatment time in the last zone (ie, waiting area, treatment rooms).
The treatment workflow progressed in the following manner: 1. After registration, the patients were sent to the waiting area (waiting area 1). 2. Once ready for evaluation, the patients were sent to the treatment rooms, where an examination was performed by a resident (treatment rooms). 3. If diagnostic imaging tests were required, the patients were then sent to the radiology department (waiting area x-ray). 4. Once ready, the necessary imaging studies of patients were obtained (x-rays only) (x-ray room). 5. Upon completion of these diagnostic tests, patients reported back to the waiting area (waiting area 2). 6. Patients then reported back to the treatment room, where the diagnostic studies were reviewed and a treatment plan discussed with the senior physician (treatment room 2). A map of the workflow was provided in a previous study. 2 No emergency patients were included in the study. Verbal consent for study participation was obtained from each patient, and each received a WLAN transponder upon arrival at the outpatient clinics. Data were collected automatically by the RTLS. For each patient, a data file was stored on the server. Data analysis was performed using Microsoft Excel (Microsoft Corp, Redmond, Washington, USA).
Statistics
Multiple linear regression was used to model the effect of WLAN tracking on treatment time. Additional covariates included sex, age, type of encounter, prioritization, treatment team, number of residents, and whether the patients had radiographic imaging during the visit. Pairwise comparisons using the Bonferroni method were performed for variables with three or more subgroups. A significance level of 5% was assumed. All statistical analyses were performed using Stata/SE V.12.1 (StataCorp LP, College Station, Texas, USA).
RESULTS
From April 2009 to August 2009, 1045 patients were included in the study (540 in phase I, and 505 in phase II). All patients agreed to participate in the study and none were excluded. The mean age of the patients was 47.7±20.8 years in phase I and 48.3±20.9 years in phase II ( p>0.05). Examination of the demographics, prioritization, and different types of treatments showed no statistically significant differences between these two groups (table 1) . However, the overall waiting time was reduced by 31.3 min (23.7% between phases I and II (figure 1). A summary of the multiple linear regression model can be found in table 2.
When analyzed according to type of visit (ie, initial encounter, postoperative treatment, and follow-up encounter), the data showed a shorter treatment time for each type of treatment in phase II in comparison with phase I (table 3, figure 2) . Radiographic imaging added 20.3 min on average to the total treatment time, regardless of whether patients were in phase I or II ( p<0.0001) (table 3, figure 3) .
Patients, who were prioritized, saw their waiting times reduced by 9.1 min on average. However, this was not a statistically significant effect in this model ( p=0.066). ( figure 4) .
A team-dependent analysis showed significantly lower treatment times for all teams in phase II as compared with phase I (table 3, figure 5 ). Additionally, in both phases I and II, the overall treatment time decreased as the number of residents increased, with the time reduction most significant in groups with two to four residents (table 3) . However, in groups with five residents, there were no statistically significant decreases in total treatment time in comparison with times for fewer residents, but there was still a significant reduction in time from phase I to phase II (table 3, figure 6 ).
Further subanalyses of the treatment times showed that, in phase II, there were statistically significant reductions in times spent in waiting areas as compared with phase I (table 3). All other sections of waiting times in the workflow showed no statistically significant differences.
DISCUSSION
In this study, we analyzed the effects of a WLAN-based RTLS on our diagnostic and treatment workflow. Specifically, for the outpatient department, we sought to examine its effects on treatment time. We noted that the RTLS led to an overall improvement in efficiency by significantly lowering the total treatment time for patients by 23.7% (31.3 min) in phase II (as compared with phase I). Our results are similar to those of other RTLS-based studies, which have shown improvements in efficiency in other workflow-based fields. 6 7 9 18 19 One of the primary contributing factors that One of the primary contributing factors that might explain the significant improvement in workflow efficiency is the automation of patient data, tracking, and localization in phase II in comparison with phase I. 6 7 19 As described above, in phase I the patient order was manually performed by a nurse with a pile of patient records. The effects of automation are seen throughout the study, but are best recognized when comparing the types of visit: the highest overall treatment time of phase I was noted during the initial patient contact. During initial patient encounters, complex documentation and thorough examinations all contribute to the longer treatment times observed. In contrast, the shortest treatment times were found at the postoperative visit. The shorter treatment times seen in at the follow-up and at the postoperative visit may also be explained by patient familiarity, established documentation, and focused care. However, we are unable to determine conclusively if the decreased treatment time is truly a reflection of familiarity due to established care, since the time spent on direct medical encounters could not be measured owing to legal restrictions.
The introduction of WLAN tracking led to a significant reduction in treatment time for patients who underwent radiographic imaging of 50.7%. Interestingly, patients who did not have radiographic imaging performed saw a reduction in waiting time of 79.9%. We suspect that this may reflect a simpler workflow (and thus, shorter waiting time required) for those who did not require imaging examinations. Prioritization of patient care did not change overall treatment times between phases I and II. This may be because waiting times for these groups were already short before the study began and therefore, the time-sparing effect was lower.
All teams displayed significantly lower treatment times. While the treatment times for patients in teams 1 and 2 were similar, it was 65-70% shorter in team 3 in phase I. We suspect that this effect came from the increased number of residents in team 3. In phase I, teams 1 and 2 had 2.6 and 2.5 residents a day, respectively, while team 3 had 4.5 residents a day. Interestingly, despite the number of residents, all teams demonstrated shorter treatment times in phase II as compared with phase I. Further analyses of the data showed that patients treated by one senior physician and a team of five residents had no further significant reductions in total treatment time. We suspect that this is a result of a plateau effect depending on the workload of the senior physician, where the beneficial effects of more resident assistance peaks beyond a certain number (in this case, four), and that further assistance (in the form of another resident) would not go beyond this plateau. Additionally, we found that the average treatment time of a patient examined by a team of three residents in the phase II protocol was similar to a team of four residents in the phase I protocol. Therefore, this led to the conclusion, that the effect of RTLS is comparable to adding 25% of the work capacity of an additional resident in a team with one senior physician and up to four residents. The other conclusion is that in phase I residents spent a lot of their time finding patients (or one resident spends all his time finding patients).
Further subanalyses of the treatment times showed that only the patient waiting times were significantly affected by the RTLS. This effect was less noticeable for waiting times associated with imaging diagnostics. We suspect that RTLS significantly shortens waiting time, since it reduces the delays caused by manual localization. As expected, RTLS has little or no effect on treatment times seen in direct treatment or imaging diagnostics.
Challenges with real-time localization systems
Unfortunately, we did not examine patient satisfaction with RTLS in this study. In the literature, some authors have suggested that a number of patients may perceive tracking technology as an invasion of privacy, and that others may be less accepting of such technologies owing to social, cultural, or generational backgrounds. 9 However, we did not experience such problems, and every patient examined consented to this study.
Limitations of our study
Our study has some limitations. As the prototype was specially adapted to our environment, we do not know if other hardware and software products would be compatible with WLAN-based RTLS infrastructures. Other hospital systems may have different network and building infrastructures, so this study might not be applicable to their clinical setting. Although our study does not examine patient satisfaction with RTLS-based technologies, we believe that the effects indicated by this system should expedite their care and improve their satisfaction. We plan to investigate this area in our next study. Additionally, we did not determine the direct medical treatment times. To do so would require our medical staff to wear WiFi badges. Owing to legal restrictions on employee tracking and surveillance, it was not possible to determine this variable. Nevertheless, staff satisfaction with the RTLS was high, as they received real-time information about the patients' locations and the total treatment time.
Another limitation is the possible occurrence of the Hawthorne effect, 20 which might have affected the experiment. The healthcare staff might not have been aware that they were being observed during phase I. Knowing that they were taking part in an experiment in phase 2 might have contributed to reduced treatment times.
CONCLUSIONS
Real-time patient localization can help to overcome common challenges and process inefficiencies associated with patient identification and treatment workflow. Real-time localization systems using WLAN technology can lead to an improvement in efficiency of about 23.7%. Figure 6 A plateau in time reduction was seen after more than four residents were present. However, significant reductions in time were achieved in phase II for any number of residents 2-5 present ( p<0.0001).
